In this work, the bimodal HIP model is extended to include kinetics of densification and both models are extended to consider densification by superplastic deformation. Kinetics from these two models are compared to experimental HIP densification data for Rene 95. Agreement between the models and experimental data is good.
Through the use of HIP mechanism maps and with a detailed understanding of HIP kinetics, HIP cycles can be designed to control the dominant densification mechanism. Ramped pressure HIP runs were done in an effort to improve the as-HIP microstructure of RenC 95 powder, with promising results.
The models can also be applied to other processing techniques as well as to HIP of new material systems and composites.
Introduction
Previously, the mechanisms and kinetics of HIP have been modeled for a single average powder particle radius (1,2) using the mechanisms of yield, power law creep, diffusional creep and diffusion. In a monosized powder distribution, the instantaneous stresses on all particles (at a given value of density) during HIP are the same and the deformation which leads to densification is uniform for all particles.
However, in a commercial distribution of powder (be it superalloy or any other material) a full spectrum of powder particle sizes is present.
This leads to a non-uniform distribution of stresses and therefore non-uniform deformation of powder particles during HIP consolidation. Figure 1 shows an as-HIP superalloy, heat-treated to delineate the prior particle boundaries.
The smaller particles have deformed to a greater extent than the large particles, in fact many large particles do not appear to have deformed at all, and have left behind smooth spherical (circular in cross-section) shells or crusts of surface segregation and/or contamination (3) in the densified material. These shells are known as prior particle boundaries (or ppb) and can degrade mechanical properties (4,5) by acting as easy propagation paths for fatigue cracks or by acting as low cycle fatigue initiation sites at extended reactive defects (6). Careful policing of the P/M process, which includes powder screening and container filling, improves the ppb problem in the as-HIP material, however some segregation or coarsening at the particle surfaces will remain.
The stress and morphology differences that occur during HIP of commercial powder cannot be addressed by a model which only considers a monosized distribution of powder.
In order to more closely model reality, HIP of a bimodal distribution of powder sizes has been modeled (7, 8, 9) .
This model allows examination of the stress differences among powder particles, and can be applied to other material processing problems.
In this paper, the monosized and bimodal HIP models have been extended to include densification by superplasticity, and densification kinetics have been added to the bimodal model. Experimental HIP data is compared to predicted results, and methods to improve the microstructure and properties of as-HIP superalloy are discussed.
HIP Modeling
The HIP models follow the technique used by Arzt et al. (1) . Densification is modeled as the fictitious growth of spheres, which is mathematically equivalent to the movement of spheres closer together because volume is conserved over the powder bulk.
The powder particles are considered to be spheres of radius Rl and R2 (RI < R2, where Rl = R2 for monosized powder) present in weight fractions wl and w2 (which can be related to vi and ni, volume and number fractions, respectively: vi = wiDo, ni = (wi/Ri)/C( wi/Ri) ). The density is related to the change in radius (7):
where D and Do are the current and initial relative density respectively, and Ri and R * are the current foy'the bimodal case. and initial radius of particle i, where i takes the values 1 and 2
For the monosized case, no subscripts and sums are necessary, since all values are the same.
Contact Stresses
As densification proceeds and the spheres "grow", they approach one another and "overlap", as shown schematically in Figure  2 . The overlap volume is mathematically distributed evenly over the exposed surface area of the spheres, of powder particles leads to "overlap" volume (dark shading) which is distributed evenly over the exposed surface area (fine hatching). This leads to further overlap, and so on.
The neck radius xi * and density are calculated when Ii . " becomes invariant for each "growth step".
which in turn leads to a further increase in the radius and overlap volume, and SO on.
As the particles contact, they form necks of area aij. The contact stress (effective pressure) Pij * due to the applied HIP pressure PHIp on these contacts can be calculated (7):
where Ni* * r' is the number of j particles around an i particle, which is calculated from the radra distribution functions of a bimodal distribution of powder (10) . The subscripts i and j take the values 1 and 2 in this and the following equations.
As this growth and formation of contacts continues, the contact stresses drop, and finally no exposed surface area remains on the spheres. In this stage, the material consists of isolated pores, and individual spheres cannot be readily identified.
This stage occurs at about 90% relative density for the monosized case and 80% for the bimodal case.
The final stage of densification is modeled as the closure of a distribution of isolated pores. The contact stress is taken as equal to the HIP pressure (2):
The powder size dependence of HIP is seen explicitly in the stress equation for the initial stage of HIP from the contact area. The contact areas for small particles are smaller and lead to higher contact stresses than are experienced by the larger particles.
Another effect of smaller particle radii is to change the initial density of the powder -a finer distribution of powder will have a higher initial density.
Densification Mechanisms and Densification Rates
The contact stress is used as input for constitutive equations for. each mechanism under consideration and used to calculate a densification rate (D) for each mechanism.
The rates are summed for all mechanisms (m) for each particle (i), then weighted by number fraction of each particle for a total densification rate:
Material parameters of RenC 95, a typical and commercially important P/M superalloy, are used as input for the modeling and are shown in Figures 3 and 4 and in the references (8, 13) .
The mechanical properties of the powder particles most likely varies with particle size, because the grain size and crystalline morphology of the powder particles vary with particle size (14) .
As powder diameter decreases, the microstructure of the powder particles changes from coarse polycrystalline, to fine polycrystalline, to monocrystalline or nearly glassy. However, in this paper, the microstructure and therefore mechanical properties of all powder particles are taken to be equal.
Yielding.
When the contact stress exceeds the yield strength of the powder particle material, yielding occurs at a very fast but finite rate, as with hot extrusion or hot forging.
The yield strength of most materials is temperature dependent. However, the rate of yielding is not temperature dependent, which has lead in the past to the somewhat misleading labeling of this mechanism as athermal plastic flow.
The temperature dependence of the yield strength of Rene 95 is shown in Figure 3 . The densification rate for yielding is taken to be:
. Diy = 0 Plj*<Oy (4) 1 Pij* > Oy.
The particle size dependence affects the yield densification rate intrinsically through the effective stress on the particles, which is higher on the small particles. at a strain rate of approximately 1.0 set-l. For this work, the data for Rene 95 is used (11, 12 These two mechanisms are considered to act exclusively of one another. The creep behavior of RenC 95 is used to determine at which stresses each mechanism operates, see Figure 4 .
The flow stress -strain rate behavior determines which mechanism operates at any particular stress through the usual criterion for superplasticity, that of a strain rate exponent m greater than 0.3 in the creep equation <r = Aim, where m = l/n and n is the power law creep stress exponent.
The appropriate creep parameters (n, 60, Go) for each regime are used in the densification rate equation (1, 8 
HIP Maps
The densification rate equations are evaluated at a constant HIP temperature for a range of HIP pressures.
The mechanism with the greatest densification rate is considered to be dominant at that HIP pressure and density.
The densification rates are summed up and integrated to predict densification kinetics. The data is presented on a HIP map or diagram that shows fields of dominance for each mechanism in HIP pressure and density.
Maps can also be created for a constant HIP pressure with a range of HIP temperatures. Figure  5 shows maps for distributions of powders with R2=Rl, R2=2.3Rl and R2=5.ORl.
The HIP maps show fields of dominance for densification by yielding, power law creep, superplasticity, diffusional creep and diffusion. As is to be expected, at high HIP pressures, yielding dominates densification. At low HIP pressures, diffusional creep and diffusion dominate.
Kinetics of densification will be discussed in the next section.
For the bimodal maps, each regime boundary has two values -one for the small particles and one for the large particles.
As the difference in powder size increases, the split between the two values widens. For each mechanism, the boundary of the small particles is shifted upward compared to that of the large particles.
This difference arises from the predicted and experimentally observed higher average stresses on the small particles.
This difference means, for example at the yield/power law creep boundary, that the small particles deform by the very rapid yield mechanism longer (to a higher density) than the large particles. This effect leads to the difference in degree of deformation of particles which contributes to the ppb problem.
A way to minimize the difference in deformation between particles is to maintain HIP densification by a single dominating mechanism, especially by a mechanism such as superplasticity which is well-known for the uniformity of deformation over varying areas or gauge lengths. If the HIP pressure is increased during the HIP run, the interparticle contact stresses can be kept constant, rather than falling as the interparticle contact areas increase. In this way, a particular mechanism (in this case, superplasticity) can be allowed to dominate for the entire duration of the run, as shown by the dotted line in Figure 5a .
The dotted line represents a density-pressure path for m=0.35, which maximizes the degree of superplastic deformation experienced by the powder particles. If the HIP pressure is held constant during a HIP run, any given mechanism will dominate for only a small range of the densification process. As the ratio of particle sizes increases, the split between the mechanism boundaries for the large and small particles increases.
The dotted line in a) represents a density pressure path which maximizes superplasticity (m=0.35).
Experimental HIP Runs and Comparison to Modeling
Argon-atomized Rent 95 powder was sieved and classified into various distributions, as shown in Table I . The powder was transferred to stainless steel cans (either 4 cm diameter x 10 cm height or 15 cm x 18 cm). All handling was done in an inert atmosphere, and all cans were outgassed.
The HIP conditions and initial and final heatup-cooldown schedules used are shown in Table II . The densities of the as-HIP material were then measured using a water displacement technique.
A comparison of densities of HIP runs densification kinetics is shown in Figure 6 . from Table  II 
Discussion and Conclusions
It must be said that currently the bimodal model is extrinsically bimodal only by consideration of differing powder particle radii. Even incomplete analysis of the HIP densification of a bimodal distribution of powder shows a split as shown on the HIP maps.
Future work could include intrinsic differences in a distribution of powder, that is, the variation of material properties with powder particle radius.
The HIP model has been used to point the way to improved as-HIP superalloy material.
Using HIP maps as guides, ramped pressure HIP runs have been done in an effort to promote uniform superplastic and creep deformation of superalloy powder particles, with promising results (8).
The model has also been extended to consider densification of superalloys by other techniques, such as CAPTM (Consolidation at Atmospheric Pressure) (13) as well as HIP consolidation of other materials, such as superconducting oxide ceramics (15) , as shown in Figure 7 , and particulate composites (16) . The model could also be used to predict closure of pores in castings by HIP. 
